Integrins adhesion receptors can act as signaling receptors that transmit information from the extracellular environment to the interior of the cell, affecting many fundamental cellular processes, such as cell motility, proliferation, differentiation and survival. Integrin signaling depends on the formation of organized sub-membrane complexes that comprise cytoskeletal, adapter and signaling molecules. The identification of molecules that interact with the cytoplasmic domain of integrins has been the focus of research aimed to elucidating the mechanistic basis of integrin signal transduction. We have identified RanBPM as a novel interactor of the beta-2 integrin LFA-1 in a yeast-two-hybrid screen. In the same assay, RanBPM also interacted with the beta-1 integrin cytoplasmic domain. We demonstrate that RanBPM is a peripheral membrane protein and that integrins and RanBPM interact in vitro and in vivo and co-localize at the cell membrane. We find that RanBPM is phosphorylated on serine residues; phosphorylation of RanBPM is increased by stress stimuli and decreased by treatment with the p38 kinase inhibitor SB203580. Transfection of RanBPM synergizes with LFA-1-mediated adhesion in the transcriptional activation of an AP-1 dependent promoter, indicating that the two proteins interact functionally as well. We suggest that RanBPM may constitute a molecular scaffold that contributes to coupling LFA-1 and other integrins with intracellular signaling pathways.
INTRODUCTION
Integrins constitute a large family of receptors that mediate adhesive interactions between cells or between a cell and the extracellular matrix (ECM). Early characterization of integrins focused on the physical link they provide between the extracellular matrix and the cytoskeleton (1, 2) . However, it has become apparent that integrin adhesion receptors regulate many other fundamental biological processes as well. In particular, integrins can act as signaling receptors that transmit information about the extracellular environment to the interior of the cell, affecting many important aspects of cell behaviour, such as survival, proliferation, motility and differentiation (3) (4) (5) (6) (7) . Increasing evidence shows that integrin engagement can regulate transcription either through direct signaling to the nucleus (8, 9) or through biochemical elements shared with other signaling receptors, such as the JAK-STAT or the MAPK pathways (9) (10) (11) (12) (13) . Each integrin consists of a heterodimer of two transmembrane glycoproteins, an a and a b chain (14) . Integrin LFA-1 (Lymphocyte Function-Associated antigen-1), a heterodimer of the aL and the b2 subunits is essential in many stages of the immune response, such as transmigration processes or the adhesive and signaling events that occur in the immunological synapse (7, 15, 16) .
Integrin cytoplasmic domains are crucial in the establishment of organized complexes with the cytoskeleton (17), which contain many structural and signaling proteins and play a pivotal role in integrin signaling functions (18) . Although the signal mediators activated by integrin engagement have been extensively characterized, the molecular mechanisms that link integrin receptors to the intracellular pathways are still under active investigation. To understand the physical basis of integrins mediated signal transduction, we and others have focused our attention on the identification of proteins that interact with the intracellular domains (8, (18) (19) (20) (21) . We have searched for proteins that interact with the cytoplasmic domain of the b2 chain with the yeast two-hybrid system. Here we report the identification of RanBPM/RanBP9 as a 4 b2-interacting protein. RanBPM was originally cloned for its ability to bind the small GTPase Ran and was reported to localize to the centrosome, a microtubule organization center. The centrosomal localization of RanBPM has not been confirmed by a subsequent report, that describes a cytoplasmic and nuclear distribution for the protein in the human KB carcinoma cell line. Ectopically expressed RanBPM was recently shown to interact with different signaling proteins, including the Met receptor, and to cooperate in regulating intracellular signaling pathways (22) (23) (24) . In particular, overexpression of RanBPM was shown to induce activation of the Ras-Erk pathway and to activate transcription from the Serum Response Element (22) . However, both the cellular localization of the endogenous protein, as well as the function of RanBPM are still unclear, as additional roles for the molecule have been proposed, including one as a transcriptional regulator for steroid receptors (25) .
We find that RanBPM interacts with LFA-1 in vitro and in co-immunoprecipitation experiments. Endogenous RanBPM protein is widely expressed in cell lines and tissues and is present in different phosphorylation states. While the unphosphorylated form is preferentially soluble in the cytoplasm, the phosphorylated form partitions to an insoluble fraction, associated with the cell membrane. We show that endogenous RanBPM associates with the cell membrane also in vivo, as demonstrated by immunohistochemical analysis of tissue specimens. Furthermore, we find that ectopic expression of RanBPM synergizes with LFA-1 signaling in the induction of AP-1 dependent transcription. In addition, our coimmunoprecipitation studies demonstrate that endogenous RanBPM interacts in cells not only with beta-1 and beta-2 integrins, but also with several lymphocyte surface receptors.
Based on these findings and on previously published reports, we propose that RanBPM may function as a scaffolding protein that coordinates signal inputs derived from cell surface receptors with intracellular signaling pathways. Interestingly, we found that RanBPM 
EXPERIMENTAL PROCEDURES

Two-hybrid screen and cloning of Ran-BPM and vector construction
The entire cytoplasmic domain of the b2 and of the aL chains of LFA-1 were fused to the GAL4-DNA binding domain (DBD) in the pAS1 vector (26) . The constructs were tested for activation of a GAL4-dependent HIS3 and of a GAL4-dependent lacZ promoter in the Y153 and the YRG2 strains, in the presence of different concentrations of 3-aminotriazole (3-AT), as described (26) . The baits did not exhibit any intrinsic activation function. 
RanBPM monoclonal production
To generate antibodies against RanBPM, aa 146-729 were cloned into pGEX4T1. The recombinant protein was purified on Glutathione-Sepharose, dialyzed against phosphatebuffered saline (pH 7.4), and used to immunize mice. Anti-RanBPM antibodies were selected by their ability to recognize the antigen in ELISA assays, and transfected RanBPM in western blots and in immunofluorescence assays.
Cell and tissue lysates and western blot analysis
To obtain total cell lysates, cells were lysed in 150 mM NaCl, 10 mM Tris, pH 7.4, 1% NP- 
Phosphoaminoacid analysis
COS7 cells were transfected with pcDNAI-RanBPM. 48 hours later, cells were incubated (2 hours at 37°C) with 1.25 mCi 32 P/60mm dish in 2 ml phosphate-free medium. Osmotic shocked samples were exposed to 0.5M sorbitol for the last 30 minutes of the labeling period.
Excess label was washed with ice-cold PBS, cells were lysed in 50 mM Tris-0.5% SDS, and treated with RIPA correction buffer and Pansorbin as above. Supernatants were immunoprecipitated with anti-RanBPM MoAb. Immunoprecipitates were resolved by SDS-PAGE, transferred to PVDF (Amersham-Pharmacia) and exposed to a radiographic film overnight. Labeled Ran-BPM was eluted from the membrane by treatment in 6M HCl at 100°C for 60 minutes and vacuum-dried. The pellet was dissolved in distilled water, separated by thin layer chromatography, as described (28) and revealed by autoradiography.
Subcellular fractionation
To obtain cytoplasmic fraction, freshly isolated T cells were treated 7 min on ice with digitonin (Sigma) containing buffer (0.005% digitonin in 90 mM KAc, 25 mM Hepes pH 7.4, min. After removal of solubilized proteins in the supernatant, insoluble membrane proteins were resuspended in Laemmli sample buffer. Samples were analyzed by SDS-PAGE and immunoblotting.
Immunofluorescence and immunohistochemistry
For immunofluorescence assays, adherent cells were cultured on glass coverslips, fixed in cold methanol (-20°C, 5 minutes), followed by chloroform ( 
RESULTS
Isolation of RanBPM and interaction with LFA-1.
To identify novel molecular intermediates of LFA-1 signaling, we used a yeast two-hybrid screen to search for proteins that interact with the cytoplasmic domain of the b2 chain of LFA-1 (b2cyt). The cDNA encoding the entire cytoplasmic domain of the b2 chain (aminoacids 724-769) was cloned in-frame with the GAL4 DNA binding domain (DBD) in the pAS1 vector and used to screen a GAL4 activation domain cDNA library derived from an EBV-transformed B cell line (26) . We identified two independent, overlapping cDNAs that specifically potentiated activation of a GAL4-dependent reporter in the presence of the b2cyt-DBD fusion. Independent co-transformation of b2cyt and the candidate clones confirmed the interaction (Fig. 1A) . The specificity was demonstrated by lack of interaction with other control fusions, including the cytoplasmic domain of aL chain of LFA-1 (a L cyt), SV40 large T antigen, TrkB, the p180 catalytic subunit and the p49 primase subunit of DNA polymerase a. (Fig. 1A and not shown). However, a bait construct consisting of the cytoplasmic domain of a highly related integrin, the b1 chain, also interacted with the candidate clones in the same assay. Sequencing of the cDNA inserts of the isolated clones revealed that they encoded a partial sequence of RanBPM/RanBP9, corresponding to the carboxy-terminus of the protein.
This cDNA insert was used to screen a cDNA library derived from the NT-2 cell line and to isolate a 2829 bp cDNA clone, which comprised the entire open reading frame of RanBPM.
Northern Blot analysis showed that RanBPM transcripts were widely expressed, as reported previously (22) and were also present in total RNA derived from normal lymphocyte cultures (Fig. 3D) . RanBPM was immunoprecipitated from the cell lysates and analyzed by SDS-PAGE and autoradiography. In the absence of any stimulation, a slower migrating band appeared after 60 minutes pulse and increased in intensity after 120 minutes chase (Fig. 3D, left panel) . A further increase was seen in cells exposed to osmotic shock (Fig. 3D, right panel) . Treatment of the immunoprecipitates with alkaline phosphatase resulted in the complete disappearance of the slower-migrating bands both in the unstimulated and in the stimulated samples (Fig. 3D, right panel) , confirming that the slower (Fig. 4A) . Interestingly, the slowest-migrating (hyperphosphorylated) form of the protein partitioned exclusively in the digitonin-insoluble fraction.
We tested the nature of the RanBPM insoluble pool by separating cytoplasmic and membrane fractions from post-nuclear Jurkat T cell lysates by ultracentrifugation. Western blot analysis showed that RanBPM was present in the cytoplasmic supernatant, as previously observed, was undetectable in the nuclear fraction, and was enriched in the membrane pellet, together with LFA-1 (Fig. 4B, left panel) . Alkaline treatment of the membrane pellets released
RanBPM from the pellet, as occurs for peripheral membrane proteins. In contrast, the transmembrane protein LFA-1 remained associated with the insoluble fraction also after alkaline treatment (Fig. 4B, right panel) .
RanBPM localizes to the cell membrane in vivo.
To confirm the membrane localization of RanBPM, we visualized RanBPM distribution in 
Endogenous RanBPM interacts with beta-1 and beta-2 integrins in vivo
The membrane localization of RanBPM in lymphocytes encouraged us to further investigate the interaction between RanBPM and LFA-1. In an indirect immunofluorescence assay the two proteins showed partial co-localization in cell membrane clusters in normal human T lymphocytes ( Fig. 5M-O) . Co-immunoprecipitation experiments were also performed in the Jurkat T cell line to investigate the interaction of endogenous RanBPM with integrins in vivo.
Cell lysates were subjected to immunoprecipitation with anti-beta-1 and -beta-2 integrin (Fig. 6A) . A direct association between integrin chains and the transferrin receptor has been previously reported for the integrin a3 (33).
Expression of RanBPM potentiates LFA-1 dependent activation of an AP-1 promoter.
The function of RanBPM is still under investigation, however, a role for RanBPM in the control of transcriptional activity in different systems has been recently proposed (22, 25) . In Fractions were analyzed for RanBPM content by SDS-PAGE and western blotting. LFA-1, c-cytoplasmic fractions respectively (left panels). Peripheral membrane proteins were extracted from the membrane pellets by treatment with 0.1M Na 2 CO 3 , pH11, followed by ultracentrifugation. Na 2 CO 3 soluble and insoluble fractions were processed by 7% SDS-PAGE and blotted for RanBPM and for LFA-1 as a control for transmembrane proteins. by guest on October 5, 2017
